1. Introduction {#s0005}
===============

Traumatic brain injury (TBI) is the most common cause of death up to 40 years of age ([@bb0195]). For survivors, TBI may lead to long term cognitive disabilities that can persist for several years after trauma ([@bb0245], [@bb0080], [@bb0405]). Even in cases deemed to be less severe, it has been shown that impairments of cognitive and emotional functions can remain for over a decade ([@bb0095], [@bb0090]). In a time perspective that stretches for up to 30 years, it has been reported that impairment in cognitive function is qualitatively different, albeit with a large within-group variability ([@bb0165]). The collective burden on society related to TBI related injuries is further exacerbated by the long-terms effects from socio-economic factors such as unemployment and dysfunctional relations ([@bb0375]). The World Health Organization (WHO) estimates that TBI will be the most common reason why people are living with a disability by the year 2020 (World Health Organization. Projections of Mortality and Burden of Disease to 2030: Deaths by Income Group. Geneva; 2002 12/01/06). It is therefore of paramount interest to find strategies based on neurological biomarkers that can accurately predict the functional outcome after TBI as well as to design individualized treatment plans to facilitate recovery processes that lead to improved long-term cognitive performance.

To this end, predicting the degree of functional impairment following brain trauma has proven to be a challenging task. Long-term functional outcome in TBI can be assessed using different scales, where the Glasgow Outcome Score (GOS) is the most common (Jennet and Bond, 1975). At the scene of accident and at admission to the hospital, the severity of TBI is commonly assessed using the Glasgow Coma Scale (GCS) (Teasdale and Jennett, 1974; [@bb0355], [@bb0175]). Other predictors of long-term functional outcome after TBI include age ([@bb0250], [@bb0170], [@bb0270], [@bb0410]), computerized tomography (CT) scans of the head ([@bb0220]) and pupil responsiveness ([@bb0225], [@bb0230]). However, even when factors are combined, it has been shown to be an insufficient means to provide an accurate assessment of long-term functional outcome. Only a small portion (3.5--6%) of the variance in outcome can be accurately modeled ([@bb0265]). In the acute phase, relevant information regarding the progression of pathology caused by TBI may also be obtained from a examining the concentration of biomarkers found in serum levels ([@bb0440]). The most studied biomarker of brain injury is the predominantly astrocytic, neurotrophic protein S100B ([@bb0085]). In the context of brain injury, levels of S100B in serum have been directly correlated to the extent of cerebral parenchymal damage ([@bb0285]), which have led to several clinical applications ([@bb0015]) including screening for patients eligible for CT scanning in the emergency room ([@bb0400]), monitoring unconscious patients in the neuro-intensive care unit ([@bb0385], [@bb0305]) and as an outcome predictor in severe TBI ([@bb0180], [@bb0300], [@bb0155]). Interestingly, recent research has shown that the highest serum level of S100B sampled within 12--36 h after trauma could explain a significant additional amount of variance in excess of known outcome parameters, including age, GCS, pupil reaction and computerized tomography measures, as earlier levels might be affected by extracranial contributions ([@bb0380]).

Recently, there has been an increased interest to utilize resting-state fMRI brain connectivity measures to assess the link between brain damage and cognitive function in TBI (for a recent review, see [@bb0150]). The majority of previous resting-state fMRI studies have focused on the integrity of the brain\'s large-scale fMRI connectome in the chronic phase of TBI compared to healthy controls (e.g. [@bb0275], [@bb0205]). Differences in brain connectivity compared to healthy controls have primarily been reported in the default mode (DM) network ([@bb0160], [@bb0330]), fronto-parietal ([@bb0160]), salience ([@bb0040]) and motor networks ([@bb0205]). Additionally, graph theoretical approaches applied to brain network connectivity patterns have revealed a reduced degree of small worldness in TBI patients ([@bb0280]). Recently, investigations that address brain connectivity during the acute phase of TBI have been reported ([@bb0340], [@bb0185], [@bb0235]).

The main objective of this study was to investigate whether differences in resting-state fMRI connectivity measured during the acute phase of TBI correlates with serum levels of S100B sampled during the acute phase of TBI. Given previous research on the relationship between S100B levels and long-term GOS ratings, a finding of a correspondence between serum levels of S100B and resting-state brain connectivity would suggest that that resting-state connectivity acquired during the acute phase has to some extent a predictive capacity for the long-term functional outcome after TBI. In a cohort of 24 patients with mild to severe TBI, resting-state fMRI data was acquired during sedation at an average time-point of 8 days post-injury. Due to the heterogeneity of the brain damage, we opted to use a multivariate-pattern analysis (MVPA)-informed analysis of resting-state fMRI data at the cohort level to extract seed points of interest for whole-brain brain connectivity analysis. Our main hypothesis was that higher serum levels of S100B in the acute phrase of TBI is accompanied by an overall weaker functional connectivity resting-state network structure in the brain.

2. Materials and methods {#s0010}
========================

2.1. Patient data, sampling of S100B and MRI scanning procedure {#s0015}
---------------------------------------------------------------

Twenty-four patients (age range: 16--67 years; mean 36.7 years) with traumatic brain injury in need of neuro-intensive care were included in this study (approved by the Stockholm county ethical committee; \#2010/1072-31/1). Inclusion of patients in the study was dependent on the availability of author BMB. The severity of head injury was assessed using the Glasgow Coma Scale (range = 3--14, mean = 8.4) at first contact with medical staff. Between 1 and 22 days after admission to the neurointensive care unit at the Karolinska Hospital in Stockholm, patients underwent an MRI examination (1.5 T Siemens, Erlangen, Germany). The anatomical MRI protocol was tailored for imaging in trauma and included sequences as diffusion-weighted imaging and FLAIR. Additionally, we acquired susceptibility-weighted images (SWI), originally described in clinical work by Haacke and colleagues ([@bb0325]), which have a high sensitivity for hemorrhagic components in various lesions and a several-fold superior to previous imaging techniques. The SW-imaging sequence thus has been increasingly used in the characterization of traumatic hemorrhages and of venous vasculature, especially in finding micro-hemorrhages in axonal injuries ([@bb0430]). In addition to anatomical MR imaging, resting-state fMRI data were collected (TR / TE = 2500 / 40 ms, flip angle = 90 degrees, voxel size = 2x2x2 mm^3^, number of image volumes = 200). Functional outcome was assessed between 6 and 12 months after the time-point of injury using the Glasgow Outcome Scale (GOS) from either clinic visits or from questionnaires sent to the patients. The latest assessed GOS were used in the study (GOS = 1 -- death, GOS = 2 -- persistent vegetative state, GOS = 3 -- dependent, severe disability, GOS = 4 -- independent, moderate disability, GOS = 5 -- recovered, low disability). Two patients died (GOS = 1), five patients displayed severe disability (GOS = 3), ten moderate disability (GOS = 4) and seven patients showed low disability (GOS = 5) ([@bb0200]. We also included the number of days after trauma that outcome was noted. During the acute phase, all patients were given sedatives (midazolam, propofol, morphine) and/or vasoactive drugs (dobutamine, noradrenaline, catapressan, nimotope, ephedrine). The two patients that scored GOS = 1 were excluded from the analysis since the imaging data from the first patient could not be retrieved whereas images from the second patient could not be preprocessed accurately. Additionally, data from one other patient was excluded from the analysis due to difficulties with the co-registration and normalization of the MR imaging data due to extensive anatomical pathology. Thus, data from 21 patients were included in the analysis. For the 21 patients, the number of days between admission to the NICU and MRI examination varied between 1 and 22 days. A full account of all drugs administered and other relevant clinical data is given in Supplementary Table S1 and the neuro-radiological findings for all patients are described in Supplementary Table S2.

2.2. Treatment {#s0020}
--------------

The neurosurgical department at Karolinska University Hospital adheres to guidelines similar to those set forth by the Brain Trauma Foundation ([@bb0050]). Unconscious TBI patients are intubated and mechanically ventilated. Intracranial mass lesions are evacuated as deemed appropriate by the attending neurosurgeon. Severe TBI patients (GCS = 3--8) are monitored via extraventricular drains or intraparenchymal pressure devices to monitor intracranial pressure (ICP) which is targeted at \< 20 mmHg using sedation, osmotic therapy and, if necessary, mild hypothermia and pentobarbital infusion (surveilled using continuous EEG). Central perfusion pressure (CPP), calculated as mean arterial pressure (MAP) -- ICP, is targeted at \> 50 mmHg and the pressure reactivity index is used to guide treatment. Intraparenchymal microdialysis and oxygen saturation devices are used in selected patients to improve cerebral monitoring. MRI is performed in all severe TBI patients, as well as in patients that exhibit signs of diffuse axonal injury (DAI), when deemed clinically stable enough to be transported from the NICU.

2.3. S100B analyses {#s0025}
-------------------

At our institution, as part of our clinical routine, we sample S100B from arterial blood twice daily (06:00 AM and 06:00 PM) in all patients in the NICU. Since 2008, the department of clinical chemistry at Karolinska University Hospital use the electrochemiluminescence assay Elecsys (Roche Diagnostics, Basel, Switzerland) to immediately analyze the serum samples. The peak level 12--36 h after injury was acquired as it has been shown to best correlate to long-term functional outcome ([@bb0380]). Moreover, if a secondary peak of S100B after 48 h was detected it was noted, as these increases have been shown to correlate to the development of secondary intracranial injuries ([@bb0385]).

2.4. Clinical parameters {#s0030}
------------------------

Pre-hospital GCS, hypoxia, hypotension and presence of epileptic seizures were acquired from pre-hospital trauma charts. These were also used to assess trauma time, which was defined as the time when the emergency call reached the alarm central. GCS (GCS 3--8 = severe TBI, 9--13 = moderate TBI and 14--15 = mild TBI ([@bb0365])) and pupil responsiveness were acquired using hospital charts. The motor score in GCS has been shown to be the best predictor of outcome and was thus analyzed separately ([@bb0310]). Head abbreviated injury score (AIS) ([@bb0140]) was assessed at admission to the hospital, as well as injury mechanism, presence of major extracranial trauma and energy during accident as defined by Advanced Trauma and Life Support (ATLS) guidelines ([@bb0010])**.** Weight was measured at the arrival to the NICU. At the timing of the performed fMRI, the dosage of drugs, blood pressure, ICP and CPP were noted form anesthetic charts (if available). Newcastle Sedation Score, as assessed by NICU nurses (range 4--19, where 4 denote anesthetized and 19 is fully awake, see also [@bb0070]) from the day of MRI examination, was acquired from electronic hospital charts. Further details can be found in Supplementary Tables 1 and 2.

2.5. fMRI data analysis {#s0035}
-----------------------

In each patient, 8 min 30 s (510 s) of resting state fMRI data was recorded. Image preprocessing and resting-state fMRI connectivity analysis was performed in the SPM8 software platform ([@bb0125]), CONN toolbox v14.k ([@bb0420]) and Matlab (Mathworks Inc., MA, USA). The first four scans (10 s) were not used in the analysis, leaving 500 s worth of data per patient. Image pre-processing steps included anatomical segmentation, normalization to MNI (Montreal Neurological Institute) space, spatial smoothing (FWHM = 8 mm), band-pass filtering (0.01--0.1 Hz) and regressing out signal contributions from head motion, white matter and cerebro-spinal fluid ([@bb0420]). Signal contributions from micro head-movements were accounted for using the image "scrubbing" ([@bb9000]) ART method as implemented in the CONN toolbox. Notably, due to sedation, the number of scrubbed images was very small (using a frame-wise displacement (FD) threshold of 0.5). Finally, resting-state BOLD signal intensity time-courses were detrended. The combination of drugs administered, reduced by correspondence analysis (see below), and age were used as nuisance regressors in the group level analysis.

It is well-known that sedative drugs such as propofol and midazolam influence the strength of resting-state functional brain connectivity ([@bb0145], [@bb0045], [@bb0320]). In the present study, the type and combination of anesthetics used in acute phrase was based on clinical considerations at the individual level. Therefore, a mixture of different sedative drugs was administered during the acute phase (see Supplementary Table 1 for a full account of anesthetics used. Note that the data tabulated in Supplementary Table 1 are the drugs administered at the time-point of MRI data acquisition). To minimize the influence from sedation on the brain connectivity results, model regressors at the group level were created to account for data variability related to the mixture of sedative drugs given. However, since the size of studied cohort was rather small and the categorical data representing the mixture of drugs given was large, the risk of over-fitting the data with nuisance variables was deemed to be substantial. To alleviate the potential problem of model overfitting, we employed a correspondence analysis (CA, [@bb0135]) to reduce the dimensionality of the nuisance (sedation) variable space from nine categorical to four continuous regressors ([@bb0215]). CA is a mathematical tool that reduces the dimensionality of data and it can be viewed as the categorical variable version of the independent component analysis (ICA) that handles continuous data. The reduced dimensionality of four was chosen as the four dimensions was the smallest number of regressors that together explained more than the averaged regressor. Thus, the four regressors derived from the correspondence analysis together with an additional age-regressor were used in the 2nd level analysis on brain connectivity at a group level (see also [Supplementary Fig. S1](#f0020){ref-type="graphic"} for a graphical representation of the Correspondence Analysis).

Although region-of-interest (ROI) based correlation analysis has been successfully used in many clinical studies of resting-state connectivity showing abnormal connectivity patterns within pre-selected networks (for a review, see [@bb0115]), seed ROI correlation analysis performed in cohorts harboring a considerable degree of inhomogeneity in terms of location and extent of brain damage such as the present cohort is not straightforward. The practice of a-priori selection of ROIs as seed points for a connectivity analysis, although it is often defined so that it aims to target the functional brain anatomy of a-priori defined resting-state networks, will inevitably lead to an experimental disadvantage in terms of a user selection bias in anatomical specificity. This problem, we believe, might be further amplified in the present cohort that include a strong inherent diversity in localization as well as severity of pathological processes due to hemorrhages, contusions as well as more subtle damage caused by diffuse axonal injuries (DAI).

Hence, to mitigate the effects from this potential problem in our analysis pipeline, we opted to use a data-driven, multi-variate pattern analysis (MVPA) as implemented in the "connectome-MVPA" CONN toolbox ([@bb0420]) to find suitable seed-regions for analysis of brain connectivity during acute TBI. The method has been used in several recent studies ([@bb0425], [@bb0025]). The aim of this method is to derive seeds based on the data prior to performing a post hoc analysis on the seeds to analyze brain connectivity patterns. The MVPA method computes functional connectivity patterns for each voxel by performing a principal component analysis (PCA) on the connectivity patterns between each single voxel to all other voxels. For a given voxel, *vi*, a PCA is performed by retaining c number of components (c = 3, see below), across all subjects, between *vi*\'s connectivity with all other voxels. In other words, each voxel has a c-dimensional representation of the spatial pattern of its connectivity to all other voxels for each subject. Thereafter, an omnibus test was carried out comparing the between-subject variance in relation to S100B peak levels performed across all voxels\' connectivity patterns in c-dimensional space. The reduced sedation regressors (by means of Correspondence Analysis) and age were used as nuisance regressors. This test gives clusters of voxels that displayed a similar between-subject variance of their spatial connectivity. The results were thresholded at cluster size (*k* \> 100 voxels) and peak value (p \< 0.05, uncorrected). This resulted in 4 clusters, which were used as seeds points of interest in a post-hoc analysis of brain connectivity. Further, a whole-brain post hoc ROI-based connectivity analysis was carried out for the four derived clusters against all other voxels in the brain, testing which areas of the brain changes its connectivity in relation to S100B peak serum levels. For each of the seed ROIs, the four sedation regressors and an age regressor were used as co-variates of no interest. Statistical parametrical connectivity maps were thresholded at the voxel level of p \< 0.001, uncorrected, two tailed and at the cluster level of p \< 0.05 FDR corrected. Of note, for the employed MVPA method, one parameter had to be chosen, namely the number of PCA components kept for each voxel, which was here set to 3. This choice was motivated by convention where c is equal to 10--20% of the number of subjects (which here falls between 2 and 4). Assignment of resting-state network membership for each significant cluster of brain connectivity provided in [Table 1](#t0005){ref-type="table"}, [Table 2](#t0010){ref-type="table"} was done using the [www.neurosynth.org](http://www.neurosynth.org){#ir0005} meta-analysis online tool ([@bb0435]).

2.6. Assessment of image regions with insufficient BOLD contrast due to trauma {#s0040}
------------------------------------------------------------------------------

In order to assess whether our connectivity results were influenced by poor underlying BOLD signal contrast resulting from localized trauma, we constructed an approximate group brain lesion maps based on the following procedure. First, we located voxels that had a probabilistic value above 70% of being residing in gray matter based on the SPM8's a-priori gray matter mask. This ensured that we were assessing brain voxels that could potentially contain a BOLD signal that originated from gray brain matter. Second, in each subject, we calculated the average BOLD fMRI signal for each voxel in the normalized (but spatially unsmoothed) images, masked by SPM8 a-priori gray matter template. If the BOLD signal intensity for a given voxel was below 2 standard deviations, it was marked as "bad". Bad voxels were summed over subjects and displayed in [Supplementary Fig. S2](#f0025){ref-type="graphic"}, along with the seeds and connectivity results. Note that a voxel marked as bad is not necessarily a voxel that is affected by the trauma, but are voxels with relatively less BOLD signal than other voxels (which is to be expected at trauma locations). The lesion map offers an approximation of possible (but not definitive) lesion voxels and thus is helpful for comparing brain connectivity results in relation to the anatomical localization of lesions.

3. Results {#s0045}
==========

3.1. Anatomical and clinical findings {#s0050}
-------------------------------------

The included patients were in general males (see Supplementary Table 1). Almost half suffered from major extracranial trauma and falls were the most common injury mechanism. Even if some patients were conscious at admission to the hospital (GCS range of 3--14), a majority suffered from severe-to-critical TBI (Head-Abbreviated Injury Score (AIS) 4--5). With regard to morphological brain lesions, an overview of their types, location and numbers can be found in the Supplementary Table 2. Traumatic axonal injuries (TAI) were (by definition) distributed in white matter, mostly subcortically, less often in deeper regions, and in four patients also present in the brainstem. Lesions of TAI type in basal ganglia or thalamus were seen in a few subjects. These TAIs were predominantly hemorrhagic, and only remarkably few of these patients demonstrated TAIs as merely diffusion abnormalities or visible on FLAIR images. Cortical lesions bearing the characteristics of contusions were seen in almost all patients.

3.2. The relationship between S100b peak values and intrinsic functional brain connectivity {#s0055}
-------------------------------------------------------------------------------------------

The MVPA analysis revealed four significant clusters located in the right precuneus, left cerebellum, right angular gyrus and in the left superior parietal gyrus. The spatial localization of the four brain clusters identified using the multi-variate pattern analysis is displayed in [Fig. 1](#f0005){ref-type="fig"} and tabulated in [Table 1](#t0005){ref-type="table"}. Next, we focused on the four brain clusters that displayed a MVPA-derived variability in brain connectivity tied to the peak levels of S100B. We performed four separate seed-based whole-brain correlation analysis of the resting-state fMRI data and corrected for multiple comparisons at cluster level (peak level: p \< 0.001, uncorrected; cluster level: p \< 0.05 FDR-corrected). For all four tested seed regions, we found a negative correlation between the level of S100B and the strength of brain connectivity. Brain regions that showed significant differences in brain connectivity related to serum levels of S100B is shown in [Fig. 2](#f0010){ref-type="fig"} and the statistical results together with the corresponding anatomical coordinates are presented in [Table 2](#t0010){ref-type="table"}. The seed region located in the right precuneus was found to be negatively correlated with the visual, motor and the mid-line section of the default mode network as a function of S100B levels. Similarly, the strength of connectivity between the seed brain region positioned in the left cerebellum (lobule VIII) and brain regions located in the visual, auditory, and fronto-parietal networks were negatively coupled to S100B levels. Moreover, the seed region situated in the right angular gyrus showed a negative connectivity with brain nodes located in the visual and default networks. Finally, the seed region in the right superior parietal lobule was negatively correlated with the sensorimotor part of the cerebellum and visual network as a function of the S100B serum level.

The connectivity between the precuneus seed region and the visual network, the angular gyrus seed region and the DM network and visual network as well as the connectivity between the parietal seed region and the visual network survived a further multiple comparison Bonferroni correction for the four tests performed. Graphs that show the degree of connectivity between brain regions and S100B serum levels that survived the Bonferroni correction are shown in [Fig. 3](#f0015){ref-type="fig"} where the final GOS outcome of the patients has also been added for illustrative purposes. It is noteworthy that the opposite contrast, i.e. strength of brain connectivity that scales positively with higher S100B levels, yielded no significant results.

4. Discussion {#s0060}
=============

First, it should be borne in mind that several previous investigations using large sample cohorts have shown robust experimental evidence for a relationship between long-term functional outcome and high S100B levels during the acute phase of TBI ([@bb0380], [@bb0240], [@bb0385]). Our main finding was that for all brain regions examined in the acute phase of brain injury, the connectivity profiles for a multitude of large-scale resting-state networks were found to be diminished in strength as a function of the sampled serum levels of S100B, a biomarker for neuronal damage. For the two seeds regions located in the precuneus and angular gyrus, we could detect a reduced degree of resting-state brain connectivity with the posterior cingulate cortex, medial prefrontal cortex and right superior temporal cortex. Hence, a decreased strength of within-DM network connectivity was present that correlated with increased levels of S100B, suggesting that the severity of TBI estimated by S100B serum levels is related to the uninterrupted flow of neuronal information within the DM network. It is of interest to compare our findings regarding the function of the DM network in TBI patients with previous research that have targeted DM network during the chronic phase. The notion that the integrity of the DM network is of importance for TBI have gained support from both resting-state as well as task-based fMRI studies in chronic TBI patients. By employing a choice reaction time task, [@bb0035] showed that attentional deficits in TBI patients correlated with increases in brain activity in the posterior cingulate cortex and medial prefrontal cortex, both of which are key hubs in the DM network ([@bb0120], [@bb0055]). Moreover, the same research group has reported of an increased risk of failure to deactivate the DM network in TBI patients during an inhibitory control condition such as the Stoop task ([@bb0035]). In a notable study, [@bb0160] reported increased within-DM network connectivity in a longitudinal (6 versus 3 months post-injury) study of patients with moderate-to-severe TBI. In a similar vein, a recent study in TBI patients in the chronic phase showed that the degree of within-DM network connectivity were higher in patients which had the least cognitive impairment ([@bb0330]). Hence, previous results speak to the fact that there exist ample experimental support for the idea that a reduction in the capacity for neuronal communication within the DM network in the chronic phase of TBI leads to a decline in cognitive outcome.

The current study on intrinsic brain connectivity is in agreement with two recently published studies that focused on the acute phase of TBI. For patients with mild TBI (GCS = 13--15) scanned using rs-fMRI during the acute phrase, a reduced functional connectivity in the DM compared to healthy controls was reported ([@bb0185]). The reduced connectivity was in particular observed in the posterior hub of the DM, the medioparietal cortex encompassing the posterior cingulate cortex and the precuneus. Similarly, in a study encompassing forty-eight patients with mild TBI, resting-state ICA fMRI connectivity analysis carried out in the semi-acute phase (mean = 14 days post-injury), Mayer and colleagues found a reduced pattern of within-DM connectivity compared to healthy controls, albeit at an uncorrected threshold ([@bb0235]).

To the best of our knowledge, the current study is the first functional neuroimaging study that has investigated the relationship between the serum levels of an astrocytic biomarker (S100B, sampled 12--36 h post-injury, see [Materials and methods](#s0010){ref-type="sec"}) and resting-state brain connectivity in the acute phase of TBI. The general finding of an overall negative relationship between resting-state brain connectivity, particularly so for the DM network, and serum levels of S100B is a promising result in terms of the abiding long-term goal of combining imaging data with molecular markers to facilitate the capability to predict the long term functional outcome in TBI. In this context it is worthwhile to point out that a recent study conducted in 265 mild-to-severe TBI patients could show a robust relation between levels of S100B in serum and functional outcome estimated with GOS ([@bb0380]). Moreover, the same study presented statistical evidence that S100B levels had a stronger univariate relation to cognitive outcome than many known important TBI predictors such as age, pupil response, GCS and Computerized Tomography (CT) values. Importantly, the study by [@bb0380] showed the predictive power of S100B remains even in a multivariate analysis, contributing \> 6% partial R^2^ to the multivariate prediction models. Thus, the previous data on the S100B biomarker together with the brain connectivity/S100B results presented in the current study suggests that assessments of long term cognitive outcome after TBI might prove to be of value if both resting-state fMRI and sampling of S100B are performed during the acute phase.

Since we for all included patients had collected data pertaining to the GOS ratings between 6 and 12 months post injury, it is a valid question to ask why resting-state brain connectivity was not regressed against GOS ratings and thus complement the presented analysis with an assessment of the correspondence between rs-fMRI brain connectivity and GOS ratings. There are several reasons for why we opted to refrain from carrying out this correlation analysis. The patients included in the present fMRI analysis were unevenly distributed among the three possible GOS categories (GOS = 3--4 patients; GOS = 4--10 patients, GOS = 5--7 patients). The skewness in the rating distribution among the three GOS categories is not optimal from a statistical point of view and could potentially lead to biased results.

The fact that the observed correlation between S100B serum levels and decreases in resting-state connectivity was not exclusively found within the DM network, but rather also included visual, auditory, sensory and fronto-parietal networks is not overly surprising given the heterogeneity of localization of brain damage in the examined cohort of examined patients. Additionally, as outlined in Supplementary Table 2, anatomical MR scans revealed in several patients a presence of diffuse axonal injuries (DAI) that are known to cause impairment in cognitive outcome ([@bb0315], [@bb0260]). Although DAI injuries can be readily visualized as microbleeds in T2\*-weighted MR scans, as alterations in diffusion-weighted images or displayed in e.g. FLAIR imaging, there are good reasons to believe that far from all DAI related injuries are detected in MRI at a given time-point, especially as the diffusion characteristics seem to change during the acute-subacute phase. Interpreting the spatial distribution of inflicted resting-state networks in relation to morphological changes thus warrants further caution.

Although the size of the cohort analyzed in the present study was sufficiently large to show significant results regarding the relationship between S100B peak levels and the overall patterns of strength of intrinsic brain connectivity, it was deemed inadequate in size to allow for a specific assessment of the location of brain damage versus the effect on resting-state network connectivity. We foresee that in future studies that include substantially larger cohorts, we will be able to make progress towards the aim of a stratification system between the spatial distribution of white and gray matter damage and the specifics of intrinsic resting-state network connectivity at an individual level ([@bb0190]). A limitation of S100B is that levels are correlated to cerebral lesion size, independent of localization of injury ([@bb0285]). Obviously, a contusion or other lesion, even if small in size, in a more critical part of the cerebral network would more severely affect brain connectivity and presumably not be accurately represented by the S100B level. In patients with only diffuse cerebral injuries, lower levels of S100B are usually present ([@bb0065]). However, we included S100B levels sampled 12 h after injury, as earlier samples are more heavily influenced by extracranial trauma ([@bb0390]) and we could not detect any correlation between age, gender and multitrauma with our levels of S100B (data not shown), hence proving its role as a marker of intracranial injury. Another limitation of the current study is that resting-state fMRI data were acquired during anesthesia. As discussed earlier, anesthetics such as propofol and midazolam result in a general decrease in intrinsic brain connectivity. Moreover, it has been reported that networks encompassing frontal, temporal and parietal brain areas were relatively more affected by propofol than primary sensory regions ([@bb0320]). Similarly, it has been shown that mild sedation using midazolam reduces within-default mode network connectivity ([@bb0145]). Thus, although we took measures to account for differences in administration of sedative drugs in the analysis using regressors constructed via correspondence analysis, it cannot be ruled out that the effects of sedation might play a role in terms of resting-state networks involved. Another limitation is the heterogeneity of our cohort, comprising of mild-to-severe TBI cases (see Supplementary Table S1). TBI severity has historically been categorized using GCS, however GCS has obvious limitations in its subjectivity ([@bb0030]) and the fact that the patients may be sedated ([@bb0355]). In the current study, TBI patients in need of neuro-intensive care for their head injuries were included which we believe represents a clinically valid and reproducible cohort of TBI patients and as can be seen by the AIS, all suffered from structural severe TBI. GOS has been criticized for being too crude in its assessment of outcome, hence a new 8-grade scale GOS extended (GOSE) has been introduced ([@bb0370]). Moreover, there are other assessment scales for cognitive-, motor- and memory functions as well as depression following TBI ([@bb0360]). While we have recently introduced GOSE, which is considered the golden standard for functional outcome following TBI, we unfortunately do not have any other assessments available for these patients. However, we do not believe this to be a major limitation because even if it would be good to better assess outcome, it would introduce a methodological and statistical problem how to aggregate to outcome data. The result would probably have been that we would have used GOS, which is also due to the limited sample size in the current study. Moreover, as can be seen, the GOS was assessed at similar time-points for all patients (Supplementary Table 1). There is today no clear consensus when to assess GOS. Six months have been suggested by many, but improvement is possible in up to 15 months following injury ([@bb0255]) thus our time point of approximately 12 months falls within this time period.

Moreover, due to fact that the exact anatomical localization of brain lesions varied between subjects in the examined cohort, it is a valid question to ask whether the inhomogeneity of lesions, with the accompanying signal loss in the BOLD fMRI signal images, might have influenced the connectivity results. To show that this was not a cause for concern, we computed an approximate anatomical map of brain lesions across all subjects, shown in [Supplementary Fig. S2](#f0025){ref-type="graphic"} (see also [Materials and methods](#s0010){ref-type="sec"} section). From the lesion map shown in [Supplementary Fig. S2](#f0025){ref-type="graphic"} we can observe that voxels residing in locations of suspected lesions (a.k.a. "bad" voxels) are in almost all cases anatomically separated from seed volumes as well as from significant clusters of brain connectivity. Specifically, affected voxels were primarily located in the lateral cerebellum, inferior temporal and occipital lobule and the most ventral part the orbitofrontal cortex. However, the seed volume located in the cerebellum shows to some extent an overlap with bad voxels, but only so for a small portion of the voxels. As previously mentioned in the methods section, voxels labeled as "bad" signifies voxels where the average BOLD fMRI signal intensity was \< 2 standard deviations below the mean, which should capture most of the voxels affected by brain lesion. However, since the threshold of 2 STD is arbitrarily set, it cannot be ruled out that there are some additional voxels that are influenced by the presence of lesions, although it is unlikely and we believe that our threshold is quite a liberal threshold which may have marked non-lesion voxels as bad. Hence, the maps included in [Supplementary Fig. S2](#f0025){ref-type="graphic"} shows that the large majority of the results in terms of brain connectivity changes and their relationship to S100B peak levels are not influenced by regional BOLD fMRI signal loss due to the presence of lesions.

The main strength of our study was that across all seed derived from the MVPA analysis, we found a decrease in intrinsic brain connectivity that correlated significantly with the peak of S100b protein levels in the acute phase of TBI. Differences in connectivity related to the level of S100b were found both within- and between the default mode, fronto-parietal, motor, visual and auditory networks. The multitude of networks involved reflects that fact that multiple cognitive faculties, such as motor skills, language, attention and social cognition are implicated in the long-term functional outcome after TBI. The present study adds to the growing body of literature that has shown that TBI disrupt neuronal communication in the brain that can be studied at large-scale network level using intrinsic fMRI connectivity. Recent research has provided support for the idea that the effects on the brain after TBI, which commonly include wide-spread diffuse axonal injuries, can be viewed as a network dysfunction disorder ([@bb0105], [@bb0110], [@bb0335], [@bb0005]). However, it deserves to be noted that when we relate our brain connectivity results to the known resting-state network architecture, we have implicitly assumed the topography of resting-state networks as they typically appear in healthy subjects. Future studies could aim to isolate the specific influence on each resting-state network individually and test for their integrity after TBI, but this poses a methodological challenge due to the heterogeneous nature of brain lesions after traumatic injury.

Although studies in larger cohorts are warranted and would allow for the derivation seed regions and subsequent analysis to exist on separate datasets, our results highlight the potential of using resting-state functional MRI connectivity acquired during the early acute phases of TBI as a biomarker for general functional outcome. In future studies, testing to see whether specific declines in intrinsic connectivity correlate to specific long-term cognitive impairments would entail that resting state fMRI connectivity, combined with molecular biomarkers could be used to identify candidate dys-connections in the large-scale brain connectome that could be targeted in individual treatment plans.

The following are the supplementary data related to this article.Supplementary Fig. S1A graphical illustration of the Correspondence Analysis (CA) used to reduce the number of co-variates of no-interest related to patient sedation in the subsequent brain connectivity analysis. The figure shows the original 9 binary regressors that together represents the combination of drugs given for each subject (a white box indicate that the given drug was administered), which was with the help of CA reduced to 4 continuous regressors that explains the majority of the variance of the original 9 binary dimensions.Supplementary Fig. S1Supplementary Fig. S2A set of axial images that shows the anatomical localization of seed volumes (red voxels), significant functional connectivity with seed volumes (blue voxels) and regions that that showed reduced BOLD signal due to presence of lesions (brown "bad" voxels). Of note, voxels that were marked as "bad" were voxels for which the BOLD activity was less than 2STD compared to other voxels, masked by SPMs gray matter image mask.Supplementary Fig. S2Supplementary Table 1Clinical parameters and MR findings.Image 1
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![The anatomical localization of the four seed region-of-interest obtained from the multi-variate pattern analysis is shown in sagittal, axial and coronal orientations. Clusters were found in Preceneus R (Red), Cerebellum L (Orange), Angular R (yellow); Parietal Sup. R (green) (p \< 0.05, uncorrected, cluster size k \> 100).](gr1){#f0005}

![Results from the resting-state brain connectivity analysis. The left column shows the anatomical localization of the brain seed regions used in the connectivity analysis (see also Fig. 2). The middle and right columns shows brain regions that were significantly negatively correlated (p \< 0.001, two-sided; cluster level: p \< 0.05, FDR-corrected) with S100B serum levels for the four seeds (interpolated onto a smooth surface of the brain). Further information regarding the clusters is given in [Table 2](#t0010){ref-type="table"}.](gr2){#f0010}

![Strength of brain connectivity and S100B serum levels for the five brain clusters that survived Bonferroni correction (p \< 0.05, see also [Table 2](#t0010){ref-type="table"}). Additionally, for each patient the corresponding Glasgow Outcome Scale (GOS) value given in a color-coding scheme (GOS3 = red, GOS4 = blue, GOS5 = black). Panel (A) shows the brain connectivity relationship between the right precuneus and left middle occipital gyrus and S100b serum levels, (B) right angular gyrus -- right PCC, (C) right angular gyrus -- right superior temporal gyrus, (D) right angular gyrus -- right middle occipital gyrus and (E) right superior parietal lobule -- left superior occipital cortex.](gr3){#f0015}

###### 

Seed regions derived from the multi-variate pattern analysis of resting-state fMRI data of all subjects included in the study. Anatomical coordinates for the seed regions are given in the MNI (Montreal Neurological Institute) format together with its corresponding location in the AAL atlas (Automated Anatomical Labeling, [@bb0395]), assigned resting-state network, cluster size (k) and p-value (uncorrected at cluster level p \< 0.05 for k \> 100).

Table 1

  Cluster Coordinates (MNI)   Location (AAL)   Network   k                p-uncorrected             
  --------------------------- ---------------- --------- ---------------- ------------------- ----- ---------
  14                          − 70             62        Precuneus R      Default mode        301   0,00024
  − 38                        − 42             − 46      Cerebellum 8 L   Sensorimotor        234   0,00082
  36                          − 72             50        Angular R        Fronto-parietal     221   0,00106
  − 38                        − 52             60        Parietal Sup L   Parietal-premotor   116   0,01066

###### 

Brain connectivity results for each seed region (tabulated in [Table 1](#t0005){ref-type="table"}). Results were thresholded at peak level p \< 0.001 (uncorrected) and p \< 0.05 at cluster level (FDR corrected). An asterisk indicates that the connectivity result survived a Bonferroni correction (taking into account that four brain seed regions were tested).

Table 2

                   Peak coordinates (MNI)   Location (AAL)   Network              k                  T-value        p-FDR                  
  ---------------- ------------------------ ---------------- -------------------- ------------------ -------------- --------- ------------ ------------
  Precuneus R      − 26                     − 84             18                   Occipital Mid L    Visual         212       − 6,68       0,00307^⁎^
  − 2              − 40                     32               Cingulum Post L      Default mode       136            − 6,31    0,01259      
  2                − 78                     32               Cuneus L             Visual             82             − 5,60    0,04412      
  24               32                       38               Frontal Mid R        Default mode       82             − 9,09    0,04412      
  − 32             − 6                      60               Precentral L         Pre/Motor          76             − 5,41    0,04551      
  Cerebellum 8 L   − 10                     − 78             26                   Cuneus L           Visual         140       − 7,24       0,01553
  − 22             22                       68               Frontal Sup L        Frontal-parietal   117            − 7,25    0,01726      
  60               − 16                     − 8              Temporal Mid R       Auditory           89             − 7,37    0,03463      
  − 32             − 82                     − 24             Cerebellum Crus1 L   Supramodal         80             − 6,47    0,03526      
  36               − 74                     18               Occipital Mid R      Visual             77             − 7,03    0,03526      
  0                − 78                     2                Lingual L            Visual             73             − 5,71    0,03538      
  Angular R        10                       − 48             30                   Cingulum Post R    Default mode   931       − 7,20       0,00002^⁎^
  56               − 52                     24               Temporal Sup R       Default mode       196            − 6,15    0,00254^⁎^   
  40               − 78                     22               Occipital Mid R      Visual             141            − 5,30    0,00797^⁎^   
  − 18             − 90                     36               Occipital Sup L      Visual             93             − 5,58    0,03151      
  Parietal Sup R   − 18                     − 82             42                   Occipital Sup L    Visual         751       − 8,96       0,00003^⁎^
  14               − 84                     − 32             Cerebellum Crus2 R   Supramodal         101            − 11,27   0,04965      
